)/ production at the STAR experiment

Jana Fodorova for the STAR Collaboration
Faculty of Nuclear Sciences and Physical Engineering

Czech Technical University in Prague

15. Zimanyi Winter School on Heavy lon Physics
Budapest, December 7.-11. 2015

L5
@
<3




Motivation for heavy quarkonium studies

* Heavy quarkonium suppression in heavy-ion collisions due to the

color screening in the quark-gluon plasma (QGP)
T. Matsui, H. Satz, Phys.Lett. B178, 416 (1986)

“ 2@

T=0 0<T<Te  Te<T

* Sequential melting of different quarkonium states = QGP
thermometer A.macsy, P. Petreczky , Phys. Rev. D77, 014501 (2008)

T < T, T =12T, T= 3T,
VXY Y XpY Xy Y Y %Y’ Y

H. Satz, Nucl. Phys. A (783):249-260(2007)
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Nuclear modification factor

* Modification of heavy quarkonium production in nucleus+nucleus
collisions (A+A) compared with p+p collisions is usually quantified by the
nuclear modification factor :

1  d?Naa/dp, dy

Ran= >
<Nbin> d Npp/dp'r dy
<N,;,> ... the average number of binary collisions
U+U collisions:
Ran>1 ... enhancgment centrality 0-5% ... <Npj,>=1280
Ran=1 ... no medium effects centrality 40-45 % ... <Npin> = 160

Raa< 1 ... suppression
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Challenges

o o . . 2 ‘ I ' ‘ ‘ ' ' ! ' ' !
* Modification of the quarkonium 1_8"_Au-Aul(200| A Cl}e\/)‘ |y\<6.35 O 0-20% -
production due to the other effects: | o[— = prim. w/fte+Bfd — - - primordial w/fte’
1'4;- — regeneration - .- Nuc. Abs.
N : : “l total - =« Nuc. Abs. w/fte
* Recombination of dissociated charm 12F p(f.iimrdial 0 pHENIX A
quarks M:E 1 LT,
* Feed-down effects 0.8 /,%& ........................... .
* Cold-nuclear-matter effects (CNM) ML L _ -
04%?-’*::; _________________ 5
0.2 =-ﬁ-:"_.:'-"'="=_.'.'_'__._‘ |
0_ N I R I-%'T".—L U T R B
o 1 2 3 4 5 6 7 8 9 10
p, (GeV)

* Quarkonium production mechanism in
elementary collisions not fully
understood

J/Y

colored cc pair 2> J/ ¢
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Challenges

* Modification of the quarkonium Heavy quarkonium

production due to the other effects: measurements in different
colliding systems, at
* Recombination of dissociated charm different centralities and
quarks collision energies help to
® Feed-down effects understand these different
* Cold-nuclear-matter effects (CNM)
processes

* Quarkonium production mechanism in
elementary collisions not fully
understood

colored cc pair 2> J/ ¢
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Challenges

* Modification of the quarkonium Heavy quarkonium

production due to the other effects: measurements in different
colliding systems, at
* Recombination of dissociated charm different centralities and
quarks collision energies help to
* Feed-down effects understand these different
* Cold-nuclear-matter effects (CNM)
processes
* Quarkonium production mechanism in Quarkonium polarization
elementary collisions not fully ‘ measurements further
understood constrain models
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)/ at the STAR experiment

/Y - e e B.R.5.9% In] <1,0<p<2n

Time Projection Chamber
(TPC):

e Tracking

e PID via dE/dx

Barrel Electromagneti B °1/B
Calorimeter (BEMC): & * TOF+TPC - separation of

e Separation of e from | . efrom hadrons up to 1.4 GeV/c
hadrons via pc/ i -

l  \Time of Flight (TOF) detector:
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J/ at the STAR experiment

J/Y - ete B.R.5.9% In] <1,0< @< 2n

P74\ 4 e S

Time Projection Chamber
(TPC):

e Tracking

e PID via dE/dx

J/¢—>u u BR.5.9%

= Muon Telescope Detector (MTD):
i ® Fully installed in 2014
® |[n| <0.5
e u trigger and identification
e 11 — advantages over e :
e Smaller background from Dalitz
decays, no y conversions
* Less affected by bremsstrahlung

Time of Flight (TOF) detector

°1/B
¢ TOF+TPC - separation of
e from hadrons up to 1.4 GeV/c

o Barrel Electromagnetic
Calorimeter (BEMC): ",
e Separation of e from '
" hadrons via pc/E
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)/ in p+p collisions

200 GeV 500 GeV

_ C“H = T 1 ! ‘ LI [ T | T ‘ LI T i 1 —
3 T o [ = ] E
g Q) i y p+p = JAp+X, s =200 GeV ] : p+p @ 500 GeV
g2 > q) B ® STAR 2009 EMC | - .
IEER vSTAR2009 MB | 510 ~ * STAR J/y—e'e, lyl<t
222 3 qof = STAR 2005 & 2006- > F A I NLO NRQCD: prompt J/ v
a2 & o PHENIX 2006 9 .r N
g8z — 3 1 2 e w
I3 > oan2| oo £ 107 =
&g o 10°E STAR Preliminary E L 2
%45 - B & I C Do
Z5¢ o | i & | * z8
3;;'_.5 .?; -U._-I 0‘3 L —] ﬂ"-'l 0‘3 — *‘?: % L
Jg ¥ o E E ° E ‘?5; S 3
s58 E 8 : X E 4 Sa
£22 o B ] =] C 9 wi
5% g‘ = 10—4 - ] % - u?;:' § T
353 o = . E -y I h S
£82 % [ Inclusive)/ ¢ : 107 E %\\ £g
s2f @ gyos) g 8 ) g3
o [ [ direct NNLO* CS y @ 10 e Prelimin: '« t =g
10°}- --- direct NLO CS+CO : - AR Treliminany g5
- — prompt NLO CS+CO f - z
v I T I NS I ST N AN EN A ST A '||:]‘6||||||||||||||||||||||||||||||||||||||“|'*-."‘I 9.%
10° 0 > a 6 8 10 12 14 0 2 4 6 8 10 12 14 16 18 20 22 ==
P (GeV/c) p, (GeVic)

* p+p at 200 GeV: different models * p+p at 500 GeV: NLO NRQCD for

(CEM, NLO CS+CO for p,> 4 GeV/c) prompt J/y describes the data for
describe the data well p. >4 GeV/c

* Direct NNLO* CS misses high p_ data

STAR MB: Acta Phys. Polonica B Vol.5, No2, 543 (2012)
STAR 2005 & 2006: Phys. Rev. C80, 041902 (R) (2009)
PHENIX: Phys.Rev. D 85, 092004 (2012)

STAR EMC: Phys.Lett. B 722, 55 (2013)
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J/Y polarization

® Can be studied via the angular distribution of the decay lepton pair:

d2c

dcos O dep

o« 1+ Ayc05°0 + Ao, Sin26cos + A, sin’0 cos 2

* Helicity (HX) frame: polarization z axis along
the J/ momentum in the center of mass of
the colliding beams

* Collins-Soper (CS) frame: bisector of the
quarkonium Z\ I+ angle formed by one beam direction
rest frame 0 and the opposite direction of the other beam
| in the J/y rest frame production plane
:
|

'
b, b,
collision
o
y * centre

! of mass
/ tframe

production
plane

P. Faccioli et al., Eur. Phys. J. C69, 657 (2010)
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J/Y polarization

® Can be studied via the angular distribution of the decay lepton pair:

d2c
dcos O dep

o« 1+ Ayc05°0 + Ao, Sin20cos + A, sin’0 cos 2

* Frame invariant quantity:
Ag+3
|nv 1 A

transverse polarization™. longitudinal polarizatioﬁ*v.,

z | I
Al:’:_l

\ A, =0

Ag=+1 -
;; =

T Ay =+1/5 } Kinv= +1 N y A, =-1/3 /~ 7\"inv= -1
X \ A, =+1/5 I
| |
T 1]: - :tl A?:+1 !_]3 — 0
A, =-1/3 " (-
L A, =+1/3 y
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J/Y polarization

. R . <D 1 T LI | T I L I L ] LI 'I LI | T 'I T I:
* )/ polarization in new 500 GeV <= g P 2 IWX x  cunivsmconyer 3
e o — . - (=i
p+p collisions 0.6fhelicity frame  x s7ag uy 200 Gev, yict 4 8%
- - ~ 0
* Measurement extended to higher p 04F " PHENKJUy200GeV,lyj<035  J S g
T 02 4 s8R
range oF L 1 °%
) . S S P, T ——— ERRE
* Agin helicity frame 0.2F | 4 S¢
. = - 1 &=
* 500 GeV data show similar 0.4 + “H%_ ERE
trend as 200 GeV data: 06 % {‘ ERGE:
L -0.8 ) 4 =8
towards longitudinal  STAR Preliminafy - E
. L s . - : T e
2 4 6 8 10 12 16 =5
polarization with increasing p. (Gew \
© T =
og PP U Y SmvEe N
* N ip helicity fra me as a function of x, 0.6Ehelicity frame e CDF 1960 Gov lyic0s o 3
at different experiments 0.4 S HGb 7000 GeV ooye2s
= o ALICE 7000 GeV, 2.5<y<4 .
* Common trend towards negative A, D'i? st i E
with increasing x; - . | E
_ 0.4 a) o 3
X =2pr Vs -0.6F %ﬂﬁ‘— +i 3
Ol 1 -
-0.8F o =
- STAR Preliminary = " L3
05 0.
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J/Y polarization

o T 7 T e o I R —
< o.8E PP = JyX 3 < 0.8k PP — JIyeX
0.6ESTAR J/y 500 G ¥ HXtrame = 0.6=STAR J/y 500 GeV
0.4E ,_,,_, IL ¢S frame _f 0.4 f_
02t L | = 0.2F
Uz_ ......... T ....... [_ ..... 1 ........................................................................... _; U;—
-0.2F :C i 3 -0.2F
04 T ) " = -0.4F
-0.6 . * = -0.6F
0.8F . = 0.8F
-1:SlT}}R.Prl'elilmilnalryl I _1:§T{!\R.P|ieljlmilnalryl L
4 6 8 10 12 14 16 4 6 8
P, (GeVic)

* J/yY polarization in new 500 GeV
p+p collisions

* Helicity frame vs. Collins-Soper
frame

* Higher statistics allows to extractA
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J/Y polarization

-:D1:'=""'|="r"'i""'i"': & IpF——————— LA L L B I 3
< 0.8f P+P — Jlp4X 3 < 0.F P+P — Jw+X E
0.6ESTAR J/y 500 G ¥ HXframe = 0.6ESTAR J/y 500 GeV ¥ HXitrame 3
0.4 f_ e L CSframe _f 0.4 f_ 4+ cstrame _E
0.2F- ,_;[f_;_L | 3 0.2F- . ]
0 ;_ ......... — 1 ........................................................................... _; oF "f'_;
0.2} j: P F — 0.2 E
.0.4:— E_ - ¥y _' E -3.4:— {; =
0.6F -1 ¥ = 0.6 1 E
085 . 3 -0.8F -
:SlT;I:-\.R.l:'r;\C.-Iilmilnaln,"I I ) :?T{!\R.F';elilmilnalryl T

I 6 8 10 12 14 16 4 6 8 10 12 14 16
p, (GeV/c) p. (GeV/c)

E 1: T 'JJII' 'x' I L L B

£ of PR > JIy+ ]

° . . . ~ 0.8f e
J/Y pola!r!zatlon in new 500 GeV D cLSTARUY 500GeY ¥ Hxirame E
p+p collisions 0.4 3t CS;:‘““*'_;LH+314—§

* Helicity frame vs. Collins-Soper 02t ™ 1=k
frame n:_ ......................................................................................................... _:

-0.2F =

* Higher statistics allows to extractAg -0.4E- I E

* Ain consistent in both frames -0.61- T E

. . -0.8F =

* trend towards longitudinal JESTARPreliminary, ¢, , . .. ]

! 6 8 10 12 16

K*)
=
o
o |
@ |
< |
(1)
R

polarization with increasing p.
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J/ in Au+Au collisions

ete” channel

Suppression increases with centrality

High-p J/¢
* Higher Raa, significant
suppression in central collisions
* Smaller influence of
regeneration and CNM effects

Models:

* Liu et al. : direct production
with color screening +
recombination

* Zhao, Rapp: + J/¢ formation
time and B meson feed-down

Both models describe the data
well at low p_, Zhao, Rapp
underestimates high-p_R,,

8.12. 2015

1.8

1.6

1.4

A+A - Jly+X @
|5, = 200 GeV ;

I ] I ! I I 1

STAR Au+Au
STAR (pT > 5 GeV/c) -
PHENIX Au+Au (|y|<0.35)
Zhao, Rapp 4
— Zhao, Rapp (pT = 5 GeVic)
Liu et al. i

Liu et al. {pT =5 GeV/c) I
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part

STAR high-p_: Phys. Lett. B722, 55 (2013)
STAR low-p: Phys. Rev. C90, 24906 (2014)
Y.Liu et al., Phys. Lett. B678, 72 (2009)
Zhao, Rapp, Phys. Rev. €82, 06490 (2010)




J/ in Au+Au collisions

* utu~ channel

* Ruincreases towards higher p. and peripheral collisions (as in di-electron channel)

1.85- 0-60% Au+Au @ 200 GeV = 0-20% .
E .- E STAR preliminary
1.6 Open: Jiy—e'e, lyl <1 -
1_45_ Filled: J/w—p*u’, lyl 0.5 f_
1.2 —
2 o SRSV P § PP Y SR I
? 2 @ i 2 ¥
i :
= EIE:E -
0.6
- o g T
0.4;—. @ @ - % ] % []
0.2 —
'_I'||||I|| 1 1 1 1 1 1 1 .:r....|....|.||.|.||.|....I....I....I....I....I
1.85-20-40% = 40-60%
1.6;— ;— <L
145 2
1.2 - 2 .
s R W H b W 13 g
‘7 - N t
c ] 0 £S5
0.6 u @@@ F & $ 223
0457 a [ $ 5N
0.2 = Eao
.;uuuulu | | P | | I...I.......‘_h...I....I....I....I....I....I....I....I.... [ SEE
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

P, (GeV/c) P (GeV/c)
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J/ in U+U collisions

* U nuclei are non-spherical and larger i 1?_ ' ™ E
than Au nuclei = L4k E
d 1200 o s s o . -
* In U+U collisions the energy density 0.85 L
of the created medium is expected to 06 E
be higher than in Au+Au collisions 3:‘; E
0 10 20 30 40 50 60 70
Centrality [%]
* Central U+U collisions — important Kikola, Odyniec, Vogt, Phys. Rev. C 84, 054907
tool for testing of the color screening
hypothesis

I U+U I U+U

side+side tip+tip
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J/¢ in U+U collisions

. . . | T T T ] T T T [ T T T T . I‘

* Suppression of J/Y production in 2: U+U 193GeV STAR Preliminary (y|<1) 3
minimum-bias (MB) 193 GeV 8L o 0-60% (EMC) E
U+U collisions (Run 12) is similar 1.6 = 0-80%(MB) =
to that observed in 200 GeV 14f  Au+Au200GeV E
Au+Au collisions g 1.2f © 0-00%(EMGPLE 2013 =

(14 - o 0-60% (MB, arXiv:1310.3563) - g
* p+p reference from 200 GeV L S | s
~ 0s8f Je
- i
3 °F 0.6 — % g d
o AtA Iy +X —— Zhao-Rapp 200 GeV -H , @ B ] 5
R Au+Au 200 GeV — — Zhao-Rapp 62.4 GeV 04} H & [N uncertainty | -
LE L vesacey L Zhao-Rapp 39 GeV 02F- Mo, uncertainty | &
C - [ N, uncertainties - e
1.4:— ®  Au+Au 39 GeV [ p+p 62.4 GeV uncertainty N oD 200GeV Syst:.' S
E I p+p 39 GeV uncertainty 0 . T S T S S 2
1.2~ ® U+U 193 GeV MinBias [ p+p 200 GeV stat. uncert. 0 2 4 6 8 10
RS p.(Gevic)
08;& &] * R,.as a function of Npa
osf * No significant energy dependence
04 W T e - observed in Au+Au at 39, 62.4 and
0-2;—STAR Preliminary 200 GeV
%R T b gm0 o a0 00 * U+U MB data is consistent with
part . . .
theoretical calculation: X. Zhao, R. Rapp, Phys. Rev. C82, 064905 (2010) AU+AU reSUItS Wlth Slmllar Npart

CEM: R. E. Nelson, R. Vogt and A. D. Frawley, Phys. Rev. C87, 014908 (2013)
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J/¢ in U+U collisions

* Suppression of J/y production in o ey STAR Preliminary (y/<1)
minimum-bias 193 GeV U+U 181 o 0-60% (EMO)
collisions is similar to that 16f = 0-80% (MB)
observed in 200 GeV Au+Au 14F  Au+Au 200GeV

0-60% (EMC, PLB 2013)
0 0-60% (MB, arXiv:1310.3563)

collisions
* p+p reference from 200 GeV

AA
-
()

@

Jiy R
e
(o] -

=
o

JJl‘IllII\_llltlll]]l{lll]lt

[Em)|
=
0]
o
—
Nucl. Phys. A931, 596 (2014)

ield

2000— U+U |'s\,,=193 GeV centrality 0-5 %

y
S
FN

[N, uncertainty ]

cIII|\II|III‘III|I\II'

+—

| Ty central U+U collisions is
T T'T+T+ ] underway
STAR Preliminary

- B 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 { 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
5005 22 24 26 28 3 3.2 34 3.6

[GeV/c?]

2 _ « Signal after combinatorial . __ uncertainty
£ 1500— background subtraction Py integrated 0.2 E;—pl ZOOG:V gfs?
" _Crystal ball fit S/|(S+B) = 8.6 N ]
- —Residual background 0 2 4 6 8 10
- linear fit
1000 — pT(GevIc)
500/ + * Study of J/y suppression in
;
OilT T| 4F4r

II'IV
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Summary

* J/y production and polarization in 500 GeV p+p collisions:
* p,spectrum described well by NRQCD prediction
* Trend towards longitudinal polarization with increasing p.

° J/Y Ry, from di-electron decay channel in Au+Au at 39, 62.4 and
200 GeV and U+U at 193 GeV collisions:

* No significant energy dependence observed in Au+Au collisions

* 200 GeV Au+Au: high p_J/ supressed in central Au+Au collisions
at 200 GeV

* Suppression seen in U+U collisions is similar to that observed in 200 GeV
Au+Au collisions

* New results on J/¢ Ry, Vvia di-muon decay channel using MTD:
* Consistent with results from di-electron decay channel
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Thank you for your attention !




